Abstract: A fault array in South Australia, interpreted from a 3D onshore seismic survey, shows fault traces on the lowermost mapped horizon of a shale-dominated sequence which outline polygonal cells averaging 1.4 km in diameter. The cell boundaries coincide approximately with the downward terminations and near convergence of conjugate pairs of normal faults. The pattern becomes less spatially ordered on higher horizons where faults still show a near-isotropic strike distribution. Maximum throws, c. 80 m, occur c. 400 m above the downward terminations of the faults. The faults have a systematic geometric relationship with folds, with anticlines in the mutual hanging walls of fault pairs and broader footwall synclines that define the shallow dish forms of the polygons. Polygon boundaries coincide with anticlinal ridges on the interface between the faulted sequence and an underlying 35 m thick low velocity, low density, overpressured layer. Although the pattern of ridges defining the polygon boundaries is strikingly similar to experimental spoke and hub patterns formed at the boundaries between viscous materials with density inversion, the data do not exclude the possibility of lateral extension.
This paper provides an analysis and interpretation of a polygonal fault system imaged by a high quality onshore 3D seismic reflection survey of 138 km 2 in the Lake Hope region, South Australia (Fig. 1a) . The term polygonal is used to refer to a system of numerous multi-directional and relatively small normal faults (throw <80 m), many of which have abutting intersections. The near-isotropic structural fabric of the Lake Hope system is a characteristic of intraformational fault systems, which are often polygonal, and which clearly distinguishes them from typical tectonic fault systems. The relatively recent recognition of this type of fault and fault system was made possible by improvements in both the vertical and lateral resolutions of seismic-reflection surveys, allowing both the mapping of fault throws in the range 10-80 m and the objective definition of complex patterns of relatively short fault traces. The existence of polygonal fault systems poses several questions including the outstanding one of how a normal fault system can be formed with neither significant regional extension nor the restricted strike distribution and consistent dip direction which characterize a typical gravity-driven fault system. Other questions concern the restricted vertical intervals within which such fault systems are confined, the relatively small maximum fault throws (c. 80 m) and how these systems accommodate the numerous interactions between individual faults which inevitably occur when non-vertical faults have a wide range of strike directions. This last question is not addressed in this paper.
Although the consensus is that polygonal systems are of non-tectonic origin, they and related intraformational systems have been variously attributed to gravitational spreading/ sliding (Higgs & McClay 1993) , to gravitational instability due to density inversion and associated dewatering (Henriet et al. 1991; Verschuren 1992; Cartwright 1994) , and to volumetric contraction during compactional dewatering (Cartwright & Lonergan 1996) . Whatever their origin, polygonal fault systems become less isotropic with increase in regional dip and are truly polygonal only when the regional dip is near horizontal (Cartwright 1994) . With significant regional dips (e.g. >c. 1 ), comparable fault systems tend to form parallel and polarized arrays normal to the regional dip direction, with faults dipping up-slope, as in the example described by Higgs & McClay (1993) . Polygonal and related fault arrays are widespread both globally and in the Tertiary sequence of the North Sea where they occur throughout an area of c. 100 000 km 2 (Cartwright 1994) .
The Lake Hope fault system (Figs 2-4) is confined mainly to the Lower Cretaceous sequence (c. 600-1000 m thick) in the southern part of Cooper/Eromanga Basins (Fig. 1a & b; also Cartwright & Lonergan 1997) . The Cretaceous sequence is typically underlain by Permian-Jurassic non-marine sandstones and siltstones of variable thickness that contain several hydrocarbon accumulations; this sequence unconformably overlies a heavily faulted Carboniferous sequence of platform carbonates and volcanics. The Lake Hope polygonal fault system (Oldham & Gibbins 1995) , in common with comparable fault systems elsewhere (Henriet et al. 1991; Higgs & McClay 1993; Cartwright & Lonergan 1996) , occurs within a post-rift mudstone-dominated marine sequence.
The description of the fault system and of individual faults is based principally on analysis of three mapped horizons (Top Cadna-owie Formation (oldest), Top Coorikiana Sandstone, and Top Mackunda Formation) within the Lower Cretaceous sequence (Fig. 1b) . These three horizons span a stratigraphic thickness of c. 550-700 m, although the bulk of the faults lies within a half of the faulted interval (Figs 3 & 5) . Selective picks were made on up to six other horizons to define more closely the throw patterns on some faults. Fault traces on the Cadna-owie horizon are mostly obtained by extrapolating traces detected on marginally shallower horizons as throws on the Cadna-owie are either marginally above or are less than the vertical resolution of the seismic data (i.e. c. 5 ms or 6 m). Analysis of the structures imaged in the seismic data was carried out mostly in the time domain, which does not affect the conclusions.
Many features of the fault system are consistent with it having formed in response to embryonic gravitational overturn of a relatively thin (c. 35 m), low density, gravitationally unstable, over-pressured and mobile mudstone layer which underlies the hydrostatically pressured, dominantly mudstone, faulted sequence. However, the data do not exclude the possibility of non-uniform lateral extension of the sequence, with conjugate fault pairs representing boudinage-like discontinuities.
General fault characteristics
The Lake Hope faults span a limited size range with maximum throws ranging up to c. 80 m (1 ms two-way time=1.27 m, see Fig. 1c ) and, except for some of the larger faults (throws>c. 40 m), they are restricted to the Lower Cretaceous sequence. In cross-section most of the faults with throws >30 m offset all three of the main interpreted horizons while faults with maximum throws <15 m usually do not (Fig. 3) . Maximum throws mostly occur on the Coorikiana horizon, in the lower half of the Lower Cretaceous sequence, with throws on individual faults decreasing more rapidly downwards than upwards. A plot of aggregate fault throws, averaged along four cross-sections, on each of six interpreted horizons also shows strong maxima at or just below the Coorikiana, with aggregate throws decreasing faster downwards than upwards (Fig. 5b) . There is no preferred apparent dip direction of faults on individual cross-sections (Fig. 3 ) but larger faults often form conjugate pairs which converge downwards to intersect at, or immediately below, the Top Cadna-owie horizon (Fig. 3) . Individual faults maintain constant dips, mostly within the range 50-55 but with extreme values ranging from 44 to 61 (Fig. 5a ). The strike directions of individual faults can vary by up to 180 due to fault linkage and capture, the unusual frequency of which is due to the wide range of initial strike directions.
Fault array characteristics
On all three horizon maps the faults show no overall preferred direction of either strike (Fig. 4) or dip, resulting in the characteristic isotropic primary fault pattern. As the faults are non-vertical any spatial ordering, or uniform pattern, of multi-directional faults on one horizon will not persist to overlying or underlying horizons. The lowermost (Cadnaowie) horizon (Fig. 4c) has the most spatially ordered, i.e. least random, pattern of fault traces with a distinct polygonal cellular pattern with cell diameters mostly within the range 0.8-2.0 km. On this horizon several polygon boundaries are defined by closely spaced parallel faults separated by graben which are typically c. 70-150 m wide. The less spatially ordered fault-trace patterns on the upper two horizon maps (Fig. 4a & b) are polygonal only in the more general sense of being multi-directional, but are more representative of the fault system as a whole than is the Cadna-owie pattern. The apparent decreases in fault density above and below the Coorikiana horizon are due as much to the consistently higher fault throws on the Coorikiana, expressed as wider and longer fault heave separations, or fault polygons, (e.g. Fig. 4 ) as to the numerous small faults which offset only the Coorikiana horizon. Fig. 2 . Two-way time structure contour map for Coorikiana horizon, Lake Hope 3D seismic survey (see Fig. 1 for location). Reds and yellows represent higher elevations (total elevation range is 932-1276 ms two-way time). Maximum slopes on the domal structure are <1 . Solid lines a and b locate the in-line and cross-line sections shown in Fig. 3 . The white cross shows the position of Well A. The Cadna-owie horizon map shows fewer fault-trace intersections than the overlying Coorikiana and Mackunda horizons. As the frequency of non-conjugate intersections will increase with vertical distance from the most spatially ordered horizon, the more complex patterns on the Coorikiana and Mackunda horizon maps are interpreted as derivatives of the spatially ordered pattern on the Cadna-owie. Implicit in this interpretation of the horizon maps is the idea that the fault pattern either originated at or close to the Cadna-owie horizon or was defined by features at or near this depth.
A second order element of the map pattern, most evident on the Mackunda horizon map, is a poorly defined annular ring delimited by an increased density of more or less concentrically disposed larger faults (Fig. 4) centred on a domed structural high (Fig. 2) . This ring decreases in prominence with increasing depth and is barely perceptible on the Cadna-owie. Variations in the prominence of the annular ring are a function of the vertical changes in fault densities and fault sizes (i.e. trace lengths and displacements), rather than an upward increase in amplitude of the structural high. Downslope of the annular concentration of concentric faults the fault pattern is weakly radial with faults striking at high angles to the horizon depth contours. These non-isotropic elements of the fault distribution and orientation are thought to be a consequence of the non-orthogonal relationship between the inclined mechanical layering associated with the dome, and the gravity field. The structural dips off the high which result in the anisotropy of the fault pattern are in the range 0.3-0.9 (average 0.5 ), about a third of the regional dip of c. 1.5 which resulted in the parallel fault array described by Higgs & McClay (1993) .
An outstanding feature of all three fault maps (Fig. 4) is the absence of a preferred direction of apparent extension, as is also the case in the polygonal fault system in the near-horizontal Tertiary sequence of the Central North Sea (Cartwright 1994) . The question of whether the faulting was a response to either radial extension from, or radial contraction towards a number of fixed points represented by polygon centres (Cartwright & Lonergan 1996) , or to neither of these was investigated by measuring the true surface area of a faulted horizon. The aggregate area of the fault heave separations is usually taken as a measure of the extension of a faulted area. On this basis the Coorikiana horizon map area has increased by 5.28%, which, if extension was equal in all directions, is equivalent to a radial extension of 2.6%. Recognizing the unlikely boundary conditions implied by regional radial extension, Cartwright & Lonergan (1996) proposed that the extension implied by the bed-length plus heave separations, which they give as c. 10%, was matched by a lateral contraction of the faulted layers due to volume loss, ascribed to compaction and de-watering. To conclude from these data that beds have contracted radially by 10% requires that they are horizontal, which they are not. The surface area of a nonhorizontal bed is greater than that of the region which it occupies. The true area of the Coorikiana horizon surface, exclusive of fault polygons, was measured as 98.22% of the total mapped area, the apparent 1.78% loss of horizon area being equivalent to a radial linear contraction of 0.89%. The equivalent values for apparent linear contractions of the Mackunda and Cadna-owie horizons are 1% and 0.241% respectively. The areal bed contraction implied by the data of Cartwright & Lonergan (1996) ranges from c. 12% to 41%. The Lake Hope measurements are relatively insensitive to velocity uncertainties but are well within the resolution limits of the horizon maps, in respect of the definition of both polygons and horizon dips (see text to Fig. 5b ), even though the maps were made carefully with such measurements in mind. Heave values based on fault polygon widths on horizon maps generally are greater than the true values and the amount by which a polygon width is exaggerated reduces the horizon area measured by either an equivalent or a greater amount, because horizons have their steepest dips adjacent to faults. For example, the heave polygon area of the Coorikiana horizon could be over-estimated by 30%, given the likely errors attached to definition of fault polygon widths. The effects of post-faulting compaction, which would have decreased the area of a non-horizontal horizon, have not been incorporated in our calculations. The horizon area measurements thus provide no basis for demonstrating either lateral shrinkage or lateral extension of the faulted horizon. Given the limited resolution of the data, a small but possibly critical amount of lateral extension cannot be discounted.
From the Coorikiana, throws on individual faults typically decrease rapidly downwards to zero, over a vertical interval of c. 50-200 ms (c. 64-254 m) . Interpretation of additional horizons adjacent to some faults has refined the profiles of decreasing throw from just below the Coorikiana down to the Cadna-owie horizon (Fig. 5b) . Resolved faults rarely extend below the Cadna-owie horizon. On depth-converted sections (e.g. Fig. 5b ), down-dip throw gradients are in the range 0.08-0.9 on fault surfaces with maximum throws of >25 m, and are steepest just above the Cadna-owie horizon. These throw gradients require footwall/hanging wall stratigraphic thickness ratios of up to c. 3.3 within mudstones immediately above the Cadna-owie horizon, the origins of which are considered in a later section. The range of throw gradients below the Coorikiana is similar to the range (0.2-0.9) observed by Higgs & McClay (1993) in a comparable intraformational fault system with maximum fault throws of c. 60 m. Above the Coorikiana, up-dip throw gradients are generally lower and range from 0.05 to 0.15.
Folds and horizon dips
Cross-sections show a very characteristic association between faults and folds. The cellular form of the fault-defined polygons means that conventional linear cross-sections (e.g. (Fig. 7) .
The folds begin abruptly at the Cadna-owie and maintain similar amplitudes, up to the Coorikiana from where the amplitudes decrease upwards. This vertical variation in fold amplitudes closely matches that of the vertical variation in fault throws, both relatively and in absolute values (Fig. 6 ). Anticlinal hinges are most prominent at the level of the Coorikiana horizon even though folds of underlying horizons have smaller or similar radii of curvature, because of the downward decrease in the lengths of arc of the anticlines as the bounding faults converge downwards. The converse applies to the synclines. Folds associated with intraformational faults in the Tertiary mudstones of the southernmost North Sea show a similar asymmetry, with anticlines locally developing into diapiric structures (Henriet et al. 1991) . The geometries of faults and folds are so complementary that the folds could as well be described as reverse drag effects (see also Henriet et al. 1991) but with rollover radii at least two orders of magnitude less than would be expected on tectonic faults of similar size (Gibson et al. 1989) .
The lower limit of folded layers corresponds to the top of a low velocity layer (Fig. 1c) and the overlying folded sequence is referred to as the overburden sequence. The precise form of the anticlinal folds at the base of the overburden layer is uncertain because of both limited seismic resolution and complexities due to the near convergence of conjugate-fault pairs. The original form of the anticlines at the base of the overburden sequence is even more uncertain because the structure at this level has been modified by downfaulting of the overlying graben wedges, or mutual hangingwalls of conjugate-fault pairs. Collapse of graben wedges into the low density layer is supported by a number of observations: (i) the offset of the upper surface of the low density layer is c. 30% of the maximum throws/heaves in the overlying sequence (Fig. 5b) , (ii) most of the maximum fault throws are less than twice the thickness of the low density layer, an amount which could be accommodated by withdrawal of the low density layer beneath the graben, with complementary uplift of immediately adjacent footwalls into which displaced material was injected and (iii) horizon deformation and fault displacement patterns are consistent with thickened and upthrown footwalls and thinned downthrown hanging walls (Fig. 7b) . The asymmetry of folds at shallower levels in the overburden sequence suggest that the original anticlinal ridges at the base of the overburden sequence were cuspate. Cuspate anticlinal folds of the boundary between gravitationally unstable layers are characteristic of a range of physical models (e.g. Vendeville 1987; Davison et al. 1996a; Alsop 1996) and of gravitational overturn of both small scale (Anketell & Dzulynski 1968, fig. 4 ; see Fig. 8a ) and large-scale natural analogues (e.g. Remmelts 1995). The small scale analogue (Anketell & Dzulynski 1968) is particularly instructive as it shows the changes in form and decrease in amplitude of folds overlying the cusps, with increasing height in the overburden layer. The similarity of the Lake Hope structures and those of both the experimental and natural examples point to a similar mechanism in which the boundary between the low velocity layer and the overburden plays a major role.
Simple restoration of fault displacements on 'dog-leg' sections ( Fig. 6c & e) shows horizon geometries which, although they never existed, illustrate the folding component of the deformation in the form of 1-2 km wavelength folds. In addition to reversal of fault displacements, restoration also required local horizon rotations adjacent to faults in order to maintain stratigraphic thicknesses (Fig. 6b-e) . 
Low-velocity layer
The downward termination and convergence of conjugate faults at or near the Cadna-owie horizon, and the occurrence of the highest dip-parallel throw gradients just above the Cadnaowie horizon (Fig. 5b) comm. 1997) indicate rapid sedimentation of the overlying mudstone-dominated sequence, which could have provided an effective seal above what is now the low velocity layer, either preventing or reducing its de-watering and compaction. The absence of syn-sedimentary faults within the faulted sequence suggests that >500 m of sediment loaded the low density layer prior to the onset of faulting, giving rise to the widespread over-pressuring at this stratigraphic level within the Eromanga Basin.
Another significant velocity change is evident at the level of the Coorikiana. The underlying sequence, down to the Cadna-owie, has a average velocity of 2680 m s 1 (range 2170-3150) whereas that in the overlying interval, up to the Mackunda, is significantly lower at 2435 m s 1 (range 2450-3250), similar to that in the low velocity layer associated with Cadna-owie which is 400 m deeper. The present velocity distribution is not necessarily the same as that prevailing at the time the polygonal fault system and its associated structures were formed. The low velocity layer could well have been thicker, for example. The preservation of high fluid pressure (Alexander & Sansome 1996) , the assumed cause of the low velocity, in a layer with a strongly faulted overburden appears problematical, though the mudstone dominated nature of the sequence may be a controlling factor.
Origin of polygonal fault system

Distinguishing features of fault system
In addition to taking account of the low velocity overpressured layer immediately underlying the faulted interval, a model for the origin of the fault system and its associated structures should account for the following features:
(a) the absence of either marked regional horizontal extension or contraction; (b) the near isotropic fabrics of horizon fault maps; (c) the polygonal fault-trace pattern on the Cadna-owie horizon; (d) the conjugate nature of many faults which define the polygons on the Cadna-owie and younger horizons; (e) the maximum throws on faults occurring at or just below the Coorikiana horizon, with sharp throw decreases downward from the maxima and more gradual decreases upwards; (f) the abrupt downward termination of the fault array with faults rarely continuing below the base of the overpressured layer; (g) constant dips of individual faults; (h) the fold geometries and the geometrical and temporal relationships of folds and faults; (i) the less spatially ordered fault-trace patterns and the multiplicity of abutting intersections on the younger horizons; (j) the similarity between the maximum fault throws, fold amplitudes and the present thickness of the over-pressured layer; (k) the diameters of the fault-defined polygonal cells on the Cadna-owie horizon.
Model
Simply restored 2D dog-leg sections ( Fig. 6c & e) , together with the Cadna-owie fault map (Fig. 4c ) and the Coorikiana dip map (Fig. 7) , indicate a 'non-faulted' horizon geometry . 4b ).
dominated by a polygonal pattern of linear ridges which on the Cadna-owie are the foci for downward converging conjugate faults which parallel the ridges. The polygonal ridge pattern is further illustrated by isopachs of the interval between the Cadna-owie and Coorikiana horizons for a small area (Fig. 7b) . Thickness changes show that the boundaries of polygons are marked by footwall highs defining the limbs of anticlines that are, in turn, bounded by the collapsed graben wedges. The later collapse of the mutual hanging walls of conjugate fault pairs has therefore created graben along the original anticlinal ridges that preserve the form of the anticlines but have destroyed the ridges. The polygonal ridge pattern is reminiscent of structures associated with salt diapirism. Alternatively, a non-uniform radial extension of the faulted sequence could arise from uniform extension of the underlying and overlying layers, by a process comparable with boudinage in a system characterized by an oblate (k=0) strain ellipsoid. The faulted layer would be pinned to the bounding layer or layers only at the polygon centres, about each of which extension would be radial. The annular ring of greater fault density with its surrounding sub-radial fault pattern (Fig. 2) could be an indication of radial flow off the structural high, but it is difficult to account for the dominant polygonal pattern, or an associated oblate strain ellipsoid, by radial flow from a single centre unless the extended sequence was underlain by a décollement. What we see as a conclusive argument against a critical role for the structural high is that the Lake Hope structures appear to be typical of those elsewhere in the Eromanga Basin (Cartwright & Lonergan 1997) and further afield (Cartwright & Lonergan 1996) that are not associated with structural highs. Geometrically, the Lake Hope structural pattern is so similar to those produced by Raleigh-Taylor instabilities that we find it difficult to avoid the conclusion that density inversion was the dominant factor in its formation. However, there remains the dynamical problem of how density instability alone could generate structures in materials with finite strengths rather than purely viscous properties. This problem is the same as that posed by many salt structures and we concentrate below on the more tractable geometric and kinematic aspects of the structures.
Most work concerning salt-related structures has concentrated on more advanced stages of diapir development than that represented by the Lake Hope structures which did not evolve further than the equivalent of the salt anticline stage, i.e. the overburden sequence is conformable with the underlying low density active layer (Jackson & Talbot 1994) , assuming that the comparison is valid. Polygonal patterns strikingly similar to the Lake Hope structures, with polygon diameters 15-30 km, are expressed topographically on the sea floor in the tabular salt-minibasin province of the Gulf Coast region (Diegel et al. 1995) . These polygonal basins contain up to 6 km of sediment overlying a salt layer several kilometres thick.
Features shared by the Lake Hope structures and many physical diapiric models are local ductile extension and thinning of the overburden overlying anticlinal ridges of the active boundary. At Lake Hope the active boundary is that between the top of the low velocity layer and its overburden and the localized extension of the overburden is partly accommodated by conjugate normal faults which bound graben overlying the ridges. Although it is counterintuitive for a graben to overlie a ridge, it has long been recognized that graben can result from local extension and thinning in the anticlinal domains that overly linear ridges (e.g. Hills 1963, p. 266). Faults bounding such graben must therefore be contemporaneous with their associated anticlinal folds and with the local extension of the folded layer or layers.
Topographies of the partially restored horizons (Fig. 6c & e ) are similar to that of an initially horizontal layer boundary deformed by a Rayleigh-Taylor instability due to density inversion (Talbot et al. 1991) , with a spoke pattern of ridges on the boundary between the contrasting materials (Talbot et al. 1991) , as shown in Fig. 8c . Three or more ridges converge to join at the hubs, ideally triple junctions, where elevations are higher than on the ridges. The ridges are channels along which material flows radially towards the hubs. Flow within the ridge bounded polygonal cells is radially outward from the low at the centre of each cell towards a spoke and then along the spoke towards the nearest hub. A crucial role for this type of Rayleigh-Taylor instability in the generation of a comparable intraformational type of fault system was proposed by Henriet et al. (1991) , from whom we differ in identifying the principal unstable low-density layer as that which underlies the faulted and folded interval rather than the faulted interval itself; we cannot, however, discount the possibility that during faulting the sequence overlying the low density layer was also over-pressured to some degree.
The different wavelengths of the synclines and anticlines in the overburden sequence resulted in strain incompatibilities, or misfits, between anticlinal and synclinal domains, which are accommodated by discontinuities manifested as faults (see Appendix). This model of interdependence of folding and faulting is consistent with the highly systematic relationships observed and with the conclusion that faulting and folding were coeval.
Horizon restorations (Fig. 6c & e) are partial because only the fault displacements and some local horizon rotations have been restored, and not the broad wavelength (1-3 km) folds, hence the gaps representing fault heaves. Given that the sections are pinned at anticlinal culminations and synclinal depressions, a dog-leg section joining the centres of several polygons will have the same length before and after deformation unless there is also a component of regional extension. As the fold geometries require local bed-parallel stretching, line-lengths of horizons on cross-sections will not be conserved, but the distances between the centres of polygonal cells will be unchanged. The part restorations of the dog-leg sections show that folding and faulting were not simply sequential, because the faults cannot be simply restored to provide a realistic pre-faulting geometry. Furthermore, if the local extension is due to folding, when the folding ceased there would be no local extension to be accommodated by faulting, i.e. no force to drive the faulting. The intimate geometrical relationship between folds and faults requires a correspondingly close time relationship. Strain differences between anticlinal and synclinal domains of concentric fold stacks (see Appendix) require discontinuities between the two types of domain to maintain overall strain compatibility. If, as implied by this interpretation, the faults represent geometrically necessary discontinuities rather than a change of failure mode from folding to faulting, then they are intrinsic to the folding deformation rather than the product of a separate event or stage of development. The fold and fault relationships shown in Fig. 8b illustrate some of the essential elements of the system, which include the systematic vertical variation in throw on the faults. This variation is not consistent with either substantial regional extension, or with gravity sliding or with lateral contraction due to dewatering, as none of these processes would give rise to the observed displacement variation with depth. Although Fig. 8b represents an internally consistent geometry of several aspects of the structures it best represents the early stages of growth of the folds and faults of the study area. Specifically, Fig. 8b does not take account of the associated but later subsidence of the graben into the low velocity layer, probably excising this layer in the hanging walls of the graben bounding faults and injecting the excised material into the footwalls of the faults where the increased thickness contributed substantially to footwall uplift. The timing of this subsidence and its relationship with other displacements will be described elsewhere.
Active, as opposed to passive and reactive, diapirism requires an overburden thin enough to be broken but thick enough for discrete structures to form (Schultz-Ela et al. 1993) . At Lake Hope the diapiric process was initiated but ceased while still at an embryonic stage, possibly due to depletion of the low density layer, which is probably of zero thickness beneath the synclinal regions.
Current thinking on diapir initiation (Jackson 1995) emphasizes the solid properties of overburden sequences and the consequent limited overburden thickness beneath which gravitational overturn can initiate in the absence of regional extension. Although physical models generating spoke patterns have employed viscous liquids for both the active and overburden layers, the properties of the overburden, at least, are seen as neither wholly viscous nor wholly brittle but a complex mixture of properties which vary with stress state and strain rates (Poliakov et al. 1996) . Nevertheless, a problem remains in how sufficient force could be generated by density inversion alone to deform rocks with significant strength.
This model for the origin of the polygonal fault system accounts for many of its geometric and kinematic features (i-viii, above). Maximum fault throws would be expected to be related in some way either to the original thickness of the basal incompetent low density layer (xii, above) or to the maximum relief on this layer after deformation, which is estimated to be about double its original thickness. The c. 35 m thickness of the low velocity layer, as measured in the single well for which data are available, is about a half of the maximum fault throw. This well is located on the flank of a ridge where the present thickness of the low-velocity layer is likely to be close to its original thickness.
Given the number of relevant variables and the uncertainties in their values, no confidence could be placed in calculations of the conditions which would give rise to polygonal structures of the size range observed (xiii, above). Other natural systems show a wide range of polygon sizes or ridge spacings, i.e. <1 m to tens of kilometres. Salt related polygons range in diameter from 15-30 km in the Gulf Coast where the salt layer is several kilometres thick (Diegel et al. 1995) , 20-30 km in the North Sea where a 1 km thick salt layer is overlain by 1 km of overburden (Davison et al. 1996b) , and 7.5 km in the Southern North Sea where polygons formed with a 1 km salt layer overlain by <400 m overburden (Remmelts 1995) . Polygons in the Central North Sea which are unrelated to salt movement have diameters in the range 0.5-1 km (Cartwright & Lonergan 1996) . Mud diapirs in the Gulf of Oman (Collier & White 1990) are associated with probable linear mud ridges spaced at 5-6 km intervals. In the Lake Hope region the typical ratio of fold wavelength to the thickness of the low density layer is c. 35 (wavelength]1400 m, low density layer thickness]40 m), but varies from c. 20 to >60 according to polygon size. Comparable ratios for flame structures and load casts appear to range from <1 to c. 10, and the ratio in the experiments reported by Talbot et al. (1991) is c. 5. The range of these ratios for all sizes of gravity overturn structures is probably less than two orders of magnitude, i.e. much less than the range of their absolute sizes.
A crucial question, to which we can provide no definitive answer, is whether gravitational instability alone initiated and drove the formation of the structures or whether there was also a component of regional extensional.
Discussion
The formation of the Lake Hope polygonal fault system evidently did not lead to complete de-watering and compaction of the over-pressured layer because this layer remains overpressured. It is possible that over-pressuring affected a thicker layer prior to faulting, but as the faults converge downwards towards the present top of the layer it is probable that this was also the top of the most over-pressured layer when gravitational overturn began. The mudstones between the overpressured layer and the Coorikiana may have been de-watered and hydraulically pressured prior to faulting. Previous authors (Henriet et al. 1991; Cartwright 1994) have identified high pore pressure as an important element in the formation of this type of fault system. A hydrofracturing mechanism cannot, however, be primarily responsible for the formation of polygonal and related fault systems, as envisaged by those authors, because hydrofracturing gives rise only to Mode I fractures and is not directly relevant to the formation of shear fractures, or faults. Overpressure can, however, promote faulting at low values of shear stress by reducing the effective normal stresses.
Many outstanding questions remain regarding the geometry of the Lake Hope fault system. For example, a significant number of faults terminate downwards within the CoorikianaTop Mackunda interval and above the Mackunda, but it is unclear whether these represent a separate tier of polygonal faults, as reported from the North Sea (Cartwright 1994) . Faults terminating downwards in the Coorikiana-Top Mackunda interval do not do so at a well-defined level as would be expected at the base of an upper tier.
The widespread occurrence of polygonal fault systems, noted by Cartwright (1994) , reflects their characteristic setting in widely distributed and laterally extensive, post-rift, marine, mudstone sequences at shallow depths. These characteristics provide conditions favouring the development of overpressured low density layers which we regard as the crucial requirement for the development of non-salt-related polygonal systems. It is conceivable that the function of these layers is in providing a décollement surface rather than, or in addition to, a density inversion. The role of density inversion and gravitational overturn was proposed by Henriet et al. (1991) but the associated de-watering of the faulted sequence which they envisaged is not an essential part of the process. A density inversion origin for North Sea polygonal fault systems is supported by the common occurrence of mud diapirism within Tertiary sequences which also contain polygonal fault systems (Fault Analysis Group, unpublished data).
In sequences with high proportions of mudstone, such as those that typically host polygonal fault systems, faults would be expected to be non-conductive to both across-fault and along-fault fluid flow. It is not possible to determine from the seismic data whether or not the Lake Hope faults are sharp discontinuities or are ductile shear zones. Although greatly attenuated in shear zones, layers may still be continuous from footwall to hanging wall. Shear zones are thought to be more likely than discontinuous faults at both Lake Hope and in similar structures elsewhere (Henriet et al. 1991) . A characteristic of the Tertiary sequence in the North Sea, in which polygonal fault systems are ubiquitous, is that hydrocarbons often are restricted to the topmost sand lenses in sequences with very low vertical matrix permeabilities (N. Telnaes pers. comm. 1997). Continuity of sand layers across the fault zones could account for leakage of hydrocarbons along faults of these polygonal systems. Whether or not this explanation is correct, the hydraulic properties of intraformational fault systems in mudstone dominated sequences is, as pointed out by Henriet et al. (1991) , a question which concerns many aspects of fluid migration. These aspects include the escape of hydrocarbons from source rocks, leakage of cap rocks, and a variety of near-surface engineering problems.
The simplified model of graben formation which we describe is complicated by the later collapse of the graben into the underlying ridges with excision of the low velocity layer and associated uplift of adjacent footwalls. The kinematics of this subsidence and its effects on fault geometries will be described elsewhere.
Although the term polygonal fault system is widely used, it is recognized (Cartwright 1994) that faults systems apparently formed by the same mechanism are not polygonal if the host sequence has a significant regional dip at the time of faulting but tend to form parallel to the regional dip with the faults dipping upslope. The term intraformational fault system, as used by Henriet et al. (1991) , may prove to be more appropriate as increased attention is paid to these common and very widely distributed fault systems.
Conclusions
The fault system terminates downwards at the approximate level of the Cadna-owie horizon, the fault-trace map of which is truly polygonal. On the Cadna-owie the paired fault traces define the boundaries of 0.8-2 km diameter, typically 1.4 km, polygonal cells the centres of which are shallow basins. The fault traces are paired because this horizon is close to the convergence level of conjugate faults dipping towards each another.
In the faulted mudstone dominated sequence at levels above the Cadna-owie the fault-trace pattern is spatially less ordered and high-angle fault intersections are common. In crosssection the mutual hanging walls of pairs of conjugate faults are anticlines that overlie and parallel the polygonal cell boundaries while the centres of the cells are occupied by longer wavelength dish-shaped synclines. Faulting and folding were coeval rather than sequential and the faults separate anticlinal and synclinal domains which have incompatible strains, due to the differences in wavelengths of the anticlinal and synclinal concentric folds. Given the resolution limits of the horizon maps, minor lateral shrinkage or extension of the overburden layer can be neither demonstrated nor discounted, either locally or regionally.
The synclines and associated conjugate faults overlie polygonal ridges that formed at the interface between the faulted sequence and an underlying 35 m thick high-velocity, lowdensity layer in which a high fluid pressure was maintained by the top seal afforded by the faulted sequence. Burial of the low-density layer by an overlying normally pressured sequence created a density inversion. The pattern of polygonal ridges bounding dish-shaped depressions is interpreted as the product primarily of embryonic overturn of this gravitationally unstable system. This interpretation is satisfactory geometrically and kinematically, but less so dynamically.
There are indications that, in similar mudstone sequence hosted polygonal fault systems elsewhere, faults have acted as channels for vertical migration of hydrocarbons. Determination of the hydraulic characteristics of this type of fault is of practical concern.
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Appendix: Incompatible strains in non-symmetric concentric folding
The overburden folds have a significant component of concentric geometry, which is evident not only from their profiles in seismic sections but also by the non-vertical and opposed dipping boundaries between the anticlinal and synclinal domains. With similar fold geometries these boundaries would be parallel and vertical.
Concentric folding of a sequence with fixed lateral boundaries requires layer-parallel stretching and complementary thinning of the layers, with no neutral surface. The extension of a layer is given by the difference in length between an arc of a circle, representing the folded state, and the original length as represented by the horizontal chord joining the two ends of the arc (Fig. A1) . The thinning of a layer is approximately inversely proportional to the stretch.
The stretch (arc length/chord length) varies with the angle subtended by the arc at the centre of the circle (Fig. A1 ). This angle increases as the radius of curvature of the arc decreases. If the angle subtended at the centre of the circle is 2 , the ratio of lengths of arc/chord is given by arc/chord=( /360) (2 /sin )
The variation of layer thinning with change in the angle subtended by the arc at the centre of the circle is shown in Fig. A2 . At the base of the overburden the wavelengths of synclines and anticlines differ by a factor of c. 5 (see Fig. 6 ), i.e. the anticlines have much smaller radii of curvature than the synclines and are associated with correspondingly greater layer thinning. For the c. 400 m interval from the Cadna-owie to the Coorikiana at which fault throw is a maximum, a difference in average thinning of 20% between anticlinal and synclinal domains would give rise to a vertical misfit of 80 m. This difference would result from angles subtended by fold arcs at the centres of the respective circles of approximately 40 and 70 , but the data are insufficient for the real values to be determined. As the misfit between the anticlinal and synclinal domains is cumulative upwards, throws on the faults will increase upwards. Above the Coorikiana the radii of curvature of the synclines become smaller than those of the anticlines but both increase upwards, as the fold amplitudes decrease, so the misfit decreases upwards from the Coorikiana and faults terminate upwards. 
